Abstract Simultaneous records of water-level altitudes in boreholes UE-25 c#l, UE-25 c#2, and UE 25 c#3 (the C-holes) and atmospheric pressure at and near the C-holes were obtained from July 15 to September 8, 1993 , to determine the barometric efficiency of the entire uncased section of each of the C-holes, for the purpose of analyzing pumping tests. Each of the C-holes is 3,000 feet deep. About 1,600 feet of each borehole is open in Miocene tuffaceous rocks. Water-level altitudes in the C-holes fluctuate in response to Earth tides and changes in atmospheric pressure, which are characteristics of wells completed in an elastic, confined aquifer. The barometric efficiency of the C-holes in this study was analyzed by filtering simultaneously collected water-level-altitude and atmosphericpressure data to remove the influences of Earth tides and semi-diurnal heating and cooling and then regressing filtered water-level-altitude changes as a function of filtered changes in atmospheric pressure. The average barometric efficiency of the uncased sections of boreholes UE 25 c#l and UE 25 c#3 was determined to be 0.94. Malfunctioning equipment prevented determining the barometric efficiency of borehole UE 25 c#2. An average effective porosity of 0.36 was calculated from barometric efficiency values determined in this study and a specific storage value of 0.497 x 10~6 per foot that was determined previously from geophysical logs of the C-holes. A porosity of 0.36 is consistent with values determined from geophysical logs and core analyses for the Calico Hills Formation.
INTRODUCTION
The use of a multiple-well interference test (hereafter called a pumping test) to determine hydraulic properties of an aquifer requires that waterlevel-altitude changes in observation wells caused by stresses other than pumping be removed from waterlevel altitudes obtained during the test before the data can be analyzed (Bureau of Reclamation, 1981; Brassington, 1988) . The most common extraneous stresses that can affect water-level altitudes in wells during pumping tests are changes in atmospheric pressure (barometric effects) and Earth tides (Ferris and others, 1962) .
In this study, simultaneous records of water-level altitudes in boreholes UE 25 c#l, UE-25 c#2, and UE-25 c#3 (the C-holes), atmospheric pressure at borehole UE 25 c#3 and a nearby weather station, WX-3, and Earth-tide dilatation at the C-hole complex were obtained from July 15 to September 8, 1993, at a time when the C-holes were not being pumped. During the study, no packers were emplaced in the C-holes. Consequently, data obtained were for the entire uncased section of each borehole, which averages about 1,600ft.
This report discusses how Earth-tide effects and effects related to daily atmospheric heating and cooling were removed from recorded water-level altitudes in order to determine the barometric efficiency of the C-holes. As defined by Ferris and others (1962) , the barometric efficiency is the ratio of the change in the water-level altitude to a concurrent change in atmospheric pressure. Multiplying the change in atmospheric pressure by the barometric efficiency and subtracting this product from the initial water-level altitude removes changes in the waterlevel altitude caused by barometric effects. The barometric efficiency determined after removal of Earth-tide and atmospheric heating and cooling effects relates water-level-altitude fluctuations in wells to atmospheric-pressure changes caused by the passage of weather systems. Barometric efficiency values determined in this study can be used to compute drawdown for the purpose of analyzing pumping tests in the C-holes when packers are not emplaced in these boreholes.
LOCATION AND CONSTRUCTION OF THE C-HOLES
The C-holes are located on the eastern flank of Yucca Mountain, between Bow Ridge and Fran Ridge, just east of the western boundary of the Nevada Test Site, about 90 mi northwest of Las Vegas, Nev. (Geldon, 1993) . Weather station WX-3, which is maintained by the U.S. Geological Survey as part of a meteorological monitoring network at Yucca Mountain (Flint and Davies, 1997) , is located in Drill Hole Wash, about 3.3 mi northwest of UE 25 c#l. Surface coordinates and altitudes of the C-holes and station WX-3 are listed in table 1; locations of these sites are shown in figure 1. 096 569, 680 3, 849 569, 634 3, 910 569, 555 3, 482 560, 198 4, 432.36 'Nevada Central Zone Coordinates are based on a Transverse Mercator projection. The origin of this projection is at latitude 34°45' N., longitude 116°40'W. The C-holes are 100 to 251 ft apart at the land surface ( fig. 1 ). Because of borehole deviation during drilling, interborehole distances at depth range from 94 to 283 ft. The C-holes were drilled in 1983 and 1984 to depths of 3,000 ft, but individual boreholes have collapsed 14 to 55 ft since completion. Casing and concrete in the C-holes extend 1,365 to 1,371 ft below land surface, and uncased sections of individual boreholes range from 1,574 to 1,621 ft in length.
Each of the C-holes intersects the Paintbrush Group, Calico Hills Formation, and Crater Flat Group (table 2). The tuffaceous rocks penetrated by the C-holes are Miocene in age and estimated to be about 5,000 ft thick. In the vicinity of Yucca Mountain, the tuffaceous rocks are underlain by thousands of feet of Paleozoic carbonate rocks (Frizzell and Shulters, 1990) . The tuffaceous rocks penetrated by the C-holes are fractured and faulted (Geldon, 1996) .
The top of the saturated zone at the C-hole complex coincides approximately with the contact between the Paintbrush Group and the Calico Hills Formation (Geldon, 1996) . Depths to water range from about 1,313 ft below land surface in UE 25 c#l to about 1,319 ft below land surface in UE-25 c#3 (about 45 55 ft above the bottom of casing and concrete in each borehole). The average water-level altitude at the C-hole complex decreases southeastward, from about 2,396 ft in UE-25 c#3 to about 2,395 ft in UE-25 c#2.
WATER-LEVEL-ALTITUDE MEASUREMENTS IN THE C-HOLES
Water-level altitudes in the C-holes were obtained with differential pressure transducers, which record changes in depth-of-submersion pressure as changes in electrical potential. The transducers used in this study (table 3) were installed, calibrated, connected to data loggers, and removed in accordance with procedures described by Lobmeyer and others (1995) .
In accordance with procedures described by O'Brien (1991) , depths to water in the C-holes (table 4) were measured with a reeled surveyor's chain as transducers were installed and removed. From the calibration and depth-to-water measurements, equations were developed for each of the C-holes to convert transducer output, in millivolts, to depth to water, in feet. The general equation or converting transducer output to depth to water is:
where DTW = calculated depth to water, in feet; DTWm = measured depth to water, in feet; S = distance of transducer below the water level (the set point), in feet; b = y-axis intercept, in feet, determined by regression of transducer submergence as a function of transducer output; m = slope, in feet per millivolt, determined by regression of transducer submergence as a function of transducer output; and E = transducer output, in millivolts. 
where (2) t = elapsed time, in days; At = time between depth-to-water measurements, in days; and DTW and E are as defined in equation 1.
The interpolation equation for instrument drift (equation 2) was verified by inserting into the equation values of transducer output corresponding to measured depths to water. Calculated depths to water were accurate within 0.03 ft.
Borehole UE-25 c#1
A transducer record in hourly increments was obtained from borehole UE-25 c#l from 12:00 on July 15 to 11:00 on September 8, 1993, a period of 54.96 days. The equation that was determined to convert transducer output to depth to water as the transducer was installed is:
The initial and final equations for converting transducer output to depth to water in each of the C-holes differed because of instrument drift. Instrument drift was eliminated by interpolating between the initial and final conversion equations. In the initial conversion equation, (DTWm + S -b) was called C1; in the final conversion equation, this expression was called C2. The initial slope was called S1, and the final slope was called S2. The interpolation equation is:
where DTW and E are as defined in equation 1. The conversion equation that was determined when the transducer was removed is:
where DTW and E are as defined in equation 1. A plot of the measured water-level altitude in UE 25 c#l (land-surface altitude -DTW) as a function of time elapsed since the initial transducer calibration shows a slight antecedent decrease from about 2,395.8 ft to about 2,395.3 ft during the period of record ( fig. 2 ). The average water-level altitude during this time was 2,395.49 ft. Semi-diurnal fluctuations, that result from Earth tides and atmospheric heating and cooling, and fluctuations of several days, that result from the movement of weather systems through the area, are evident in the water-level-altitude record.
Borehole UE-25 c#2
A transducer record in hourly increments was obtained from borehole UE 25 c#2 from 12:00 on July 15 to 13:00 on September 7, 1993. However, as shown by extremely erratic readings in figure 3A , the transducer malfunctioned after 22:00 on July 26. Thus, the period of record for which transducer output could be converted to depths to water and water-level altitudes was only 11.42 days. The equation that was determined to convert transducer output to depth to water as the transducer was installed DTW = 1,325.04-0.00734 xE (6) where all variables are as defined in equation 1. The conversion equation that was determined when the transducer was removed is:
where all variables are as defined in equation 1. Interpolation between equations 6 and 7, over a period of 92.94 days, indicated the following equation to correct for transducer drift:
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where all variables are as defined in equation 2.
A plot of the measured water-level altitude in UE 25 c#2 as a function of time elapsed since the initial transducer calibration shows no antecedent trend in the data, but, as in UE-25 c#l, semidiurnal and longer fluctuations caused by Earth tides, atmospheric heating and cooling, and the movement of weather systems through the area are evident ( fig. 35 ). During the short period of reliable record, water-level altitudes in UE 25 c#2 ranged from about 2,395.1 to 2,395.6 ft and averaged 2,395.28 ft.
Borehole UE-25 c#3
A transducer record in hourly increments was obtained from borehole UE 25 c#3 from 12:00 on July 15 to 09:00 on August 17, 1993. Despite erratic oscillations indicative of transducer malfunction, most of the 32.88-day record was considered reliable for conversion to water-level altitudes. The equation that was determined to convert transducer output to depth to water as the transducer was installed is: DTW = 1,325.37-0.00730 xE (9) where all variables are as defined in equation 1 A plot of the measured water-level altitude in UE 25 c#3 as a function of time elapsed since the initial transducer calibration shows a slight antecedent decrease from about 2,396.1 ft to about 2,395.4 ft during the period of record (fig. 4 ). The average waterlevel altitude during this time was 2,395.74 ft. Semidiurnal and longer fluctuations caused by Earth tides, atmospheric heating and cooling, and the movement of weather systems through the area are evident in the water-level-altitude record.
ATMOSPHERIC PRESSURE AT AND NEAR THE C-HOLES
A record of atmospheric pressure in hourly increments was obtained at borehole UE 25 c#3 from 12:00 on July 15 to 09:00 on August 17, 1993, using a nonsubmersible pressure transducer as a barometer. An absence of erratic readings during the 32.88-day period of record indicates that the barometer had no mechanical problems. Atmospheric pressures at UE-25 c#3 during the period of record ranged from 29.5 to 30.0 ft of water ( fig. 5/4 ) and averaged 29.72 ft of water.
Although the barometer at borehole UE-25 c#3 functioned perfectly for the intended analysis, it was disconnected inadvertently on August 17. Another barometric record was required to obtain a complete record of atmospheric pressure for the entire period in which water-level-altitude data were collected. At weather station WX-3, about 3.3 mi from and 715 ft higher than the C-holes, a recording barometer was in operation from July 15 to September 8, 1993 (Dale Ambos, Foothills Engineering Consultants, electronic commun., 1994 . As shown in figure 5A , atmospheric pressures recorded at station WX 3, on the average, were about 0.75 ft lower than pressures recorded at borehole UE 25 c#3, but they fluctuated nearly synchronously. The two barometric records deviated only on August 9, when abrupt changes in the WX-3 barometer output, unmatched by changes in the UE 25 c#3 barometer output and water-level altitudes in the C-holes, indicate that the 
where Pchl = atmospheric pressure, in feet of water, at UE-25 c#3; and PWx3 = atmospheric pressure, in feet of water, at WX-3. Semi-diurnal and longer fluctuations caused by atmospheric heating and cooling and by the movement of weather systems through the area occur in the barometric records at both borehole UE-25 c#3 and station WX-3. The semi-diurnal fluctuations typically range in magnitude from less than 0.01 to 0.15 ft. Daily peaks in atmospheric pressure typically occur between 06:00 and 10:00 and between 21:00 and 02:00, whereas daily troughs typically occur between 00:00 and 04:00 and between 16:00 and 19:00. Fluctuations in atmospheric pressure caused by the movement of weather systems typically range in magnitude from 0.2 to 0.4 ft and have periods of 3 to 7 days. Many of the fluctuations in atmospheric pressure characteristically recorded at and near the C-holes are shown in figure 6 , a barometric record of two weather systems that moved through the area between August 24 and September 5,1993. A plot of the water-level altitude in UE 25 c#l minus the mean water-level altitude in UE 25 c#l on the same time axis as the mean atmospheric pressure at WX-3 minus the atmospheric pressure at WX-3 ( fig. 7) shows that water-level fluctuations in the C-holes are influenced substantially by weather-system-related changes in atmospheric pressure.

BAROMETRIC EFFICIENCY OF THE C-HOLES
Barometric efficiency typically is obtained from an arithmetically scaled plot of waterlevel-altitude changes as a function of concurrent atmospheric-pressure changes over a sufficiently long period of time to represent the range in expected site conditions (see, for example, Bureau of Reclamation, 1981) . The slope of a least-squares line fit through the data is the barometric efficiency. At the C-hole complex and sites throughout Yucca Mountain, this linear-regression method usually produces slopes greater than 1.0 (Richard R. Luckey, U.S. Geological Survey, written commun., 1995). Because the barometric efficiency cannot exceed 1.0 (Ferris and others, 1962) , linear-regression slopes greater than 1.0 indicate that factors in addition to barometric effects influence waterlevel-altitude fluctuations at Yucca Mountain. Consequently, methods other than simple linear regression were used in the past and during the present investigation to determine the barometric efficiency of the C-holes.
Previous Investigations
The only previous investigation of barometric efficiency at the C-hole complex was done by Galloway and Rojstaczer (1988) , using a 57-day record of water-level altitudes and atmospheric pressures obtained from February 23 to April 21, 1986 . During this previous study, packers were emplaced in UE 25 c#l at a depth of 2,613 ft; in UE-25 c#2 at a depth of 2,477 ft; and in UE-25 c#3 at a depth of 2,462 ft. Transducers in the packed-off intervals were vented to maintain contact with the atmosphere. Prior to analysis, long-term trends in the water-level-altitude and atmospheric-pressure data were removed by applying a high-pass filter with a cut-off frequency of 0.0009 cycles per day. For UE-25 c#l, UE-25 c#2, and UE-25 c#3 above the packers and UE 25 c#3 below the packer, transfer function gains (as defined by Quilty and Roeloffs, 1991) were plotted as a function of the dimensionless frequency of atmospheric-pressure fluctuations. The data curves were matched to curves for the theoretical frequency response of a partially confined aquifer to atmospheric loading. Barometric-efficiency values of 0.80 were determined for intervals above the packers, whereas a barometric-efficiency value of 0.87 was determined for UE-25 c#3 below the packer. According to Devin L. Galloway (U.S. Geological Survey, oral commun., 1995), values of barometric efficiency determined during this study apply only to the packed-off intervals. Packers emplaced to isolate different intervals of rock probably would result in different determinations of barometric efficiency.
Current Method of Analysis
The analytical method used in this study implicitly considers Earth-tide effects, which can produce water-level-altitude fluctuations in wells open in confined aquifers (Ferris and others, 1962) . Earth tides are caused by forces exerted on the Earth by the gravitational attraction of the Sun and the Moon. The five principal Earth tides have periods of 12.0 to 25.8 hours and frequencies of 0.9 to 2.0 cycles per day (table 5). Earth tides calculated for the latitude, longitude, and altitude of the C-hole complex with a FORTRAN program developed by Harrison (1971) are shown for the period of this investigation in figure 8 . The Earth tides in figure 8 were computed on the assumption that dry tidal dilatation is a radial, compressive stress.
Because the principal Earth-tide frequencies range from 0.9 to 2.0 cycles per day, a low-pass Butterworth filter was used to remove frequencies of more than 0.8 cycles per day. Changes in the filtered water-level-altitude data, then, were plotted as a function of concurrent changes in the filtered atmospheric-pressure data. The slope of a leastsquares line fit through the plotted data was considered the barometric efficiency.
Borehole UE-25 c#1
Applying a low-pass filter to the UE 25 c#l water-level-altitude data removed all semi-diurnal fluctuations and smoothed plotted water-level altitudes throughout the period of investigation. Figure 9 shows the difference between measured and filtered waterlevel altitudes for a representative part of the record, from July 15 to July 22, 1993. A plot of 1,276 filtered water-level-altitude changes as a function of filtered atmospheric-pressure changes from July 15 to September 8, 1993 ( fig. 10) , had a slope of 0.946, with an R2 value of 0.86. By definition, the slope of this plot indicates a barometric efficiency of 0.95.
Borehole UE-25 c#3
The water-level-altitude record for borehole UE 25 c#3 contains several upward and downward spikes that apparently resulted from intermittent transducer malfunctions. Spikes occurred on July 20, 17:00; July 25, 19:00; July 28, 00:00, to August 1, 06:00; and August 10, 21:00, to August 11, 09:00. Most of the erratic water-level altitudes could be corrected by interpolation between reliable waterlevel altitudes, using the barometric record as a guide. However, the water-level-altitude record was unsalvageable July 28,00:00 to July 30, 12:00. The water-level-altitude record August 8, 15:00, to August 11,09:00, could not be used because of a combination of transducer and barometer malfunctions. Applying a low-pass filter to the UE 25 c#3 water-level-altitude data removed all semi-diurnal fluctuations and smoothed plotted water-level altitudes throughout the period of reliable record. Figure 11 shows the difference between measured and filtered water-level altitudes for a representative part of the record, from July 15 to July 22, 1993. A plot of 661 filtered water-level-altitude changes as a function of filtered atmospheric-pressure changes for July 15 to 27, July 30 to August 9, and August 10 to 17, 1993 (fig. 12 ) had a slope of 0.927, with an R2 value of 0.86. By definition, the slope of this plot indicates a barometric efficiency of 0.93.
Verification Of Analytical Results
Analyses of water-level-altitude data from boreholes UE-25 c#l and UE-25 c#3 and atmospheric-pressure data from weather station WX 3 for the period July 15 to September 8, 1993, indicated barometric efficiency values of 0.93-0.95 and an average barometric efficiency of 0.94. The difference in barometric efficiency values obtained for boreholes UE 25 c#l and UE 25 c#3 is so small that the average value is assumed to be the barometric efficiency of both boreholes. Moreover, it is assumed that this barometric efficiency applies to borehole UE-25 c#2, because borehole UE-25 c#2 penetrates the same geologic units as boreholes UE 25 c#l and UE 25 c#3 and is constructed identically.
To verify the barometric efficiency value computed in this study, a correction for atmosphericpressure changes using a barometric efficiency of 0.94 was applied to water-level altitudes recorded in borehole UE 25 c#l during the passage of two prominent weather systems through the area from August 24 to September 5,1993. As shown in figure 13 , water-level altitudes in borehole UE 25 c#l fluctuated from 2,395.2 to 2,395.6 ft between August 24 and September 5, 1993. With the barometric correction applied, the fluctuation in water-level altitudes was reduced to about 0.1 ft. This dampening of water-level fluctuations indicates that the calculated barometric efficiency correctly compensates for the effects of Earth tides and atmospheric-pressure change. Consequently, figure 13 demonstrates that a barometric efficiency of 0.94 is acceptable for the C-holes without packers emplaced. 
EFFECTIVE POROSITY IN THE C-HOLES
Confined aquifers and thick, unconfined aquifers respond to Earth tides and changes in atmospheric pressure because they are elastic (Lohman, 1979) . In response to Earth tides and changes in atmospheric pressure, water is released from or taken into storage in an aquifer by compression or expansion of the aquifer skeleton and the volume of pore water (Ferris and others, 1962; Bredehoeft, 1967) . Changes in the aquifer skeleton and the volume of pore water result in changes in water-level altitudes in a well that typically have an opposite sense to changes in Earth tides and atmospheric pressure.
The volume of water that an aquifer releases or takes into storage per unit volume of the aquifer per unit change in hydraulic head is called the specific storage (Bredehoeft, 1967) . Specific storage is related to elastic properties of an aquifer and pore water by the following equation (modified from Lohman, 1979) :
where Ss = specific storage (reciprocal feet); y = specific weight of water = 0.434 p = compressibility of water = 3.3 x 10~6 in2/lb (Lohman, 1979) ; 0 = porosity of aquifer skeleton (dimensionless); and E = elasticity of aquifer skeleton (pounds per square foot). Specific storage is related to barometric efficiency and effective porosity by the following equation (Jacob, 1940) :
where BE = barometric efficiency (dimensionless), and all other variables are as defined in equation 13.
After substituting constants given in equation 13 and rearranging equation 14, effective porosity can be computed by the following equation:
The specific storage referred to in equations 13 to 15 is a scale-dependent property that cannot be determined from aquifer tests by dividing the calculated storativity by the test-interval thickness, because of factors other than the elastic properties of an aquifer that can affect these tests. Such factors include the flow of water through fractures and gravity drainage through pores. Geldon (1993) calculated values of specific storage for intervals in borehole UE-25 c#l that were based on geophysically determined porosity and elasticity values of the rocks in the borehole and physical properties of water that are stated in the explanation of equation 13. The thicknessweighted average of the specific-storage values calculated by Geldon (1993) Values of effective porosity determined in this study are interpreted to apply only to the basal Topopah Spring Tuff and the upper Calico Hills Formation, because the changes in water-level altitude from which the effective-porosity values were calculated occurred at this geologic horizon. Changes in the water table should be influenced strongly by matrix properties of the rock in which the water table is located. According to Geldon (1993) , a gammagamma log of borehole UE 25 c#l indicates that the average porosity of the upper Calico Hills Formation is 0.37, and a sample of core from this interval had a porosity of 0.38. In contrast, the gamma-gamma log of UE 25 c#l indicated average porosity values of 0.14 to 0.28 for most of the Prow Pass, Bullfrog, and Tram Tuffs (Geldon, 1993) . The gamma-gamma log and core measurements verify that the effective-porosity values determined from this study are reasonable for the upper Calico Hills Formation.
SUMMARY AND CONCLUSIONS
Simultaneous records of water-level altitudes in the C-holes and atmospheric pressure at and near the C-holes were obtained from July 15 to September 8, 1993. This study was done to determine the barometric efficiency of the C-holes without packers emplaced in order to analyze pumping tests. Barometric-efficiency values obtained from this study were used to calculate the effective porosity of the rock in the C-holes in which the water table is located.
Water-level altitudes in the C-holes are affected by Earth tides and changes in atmospheric pressure associated with semi-diurnal atmospheric heating and cooling and the movement of weather systems through the area. Because the five principal solar and lunar tides have frequencies of 0.9 to 2.0 cycles per day, Earth-tide effects were removed from measured waterlevel-altitude fluctuations by filtering out frequencies of more than 0.8 cycles per day from the water-levelaltitude data. This process also removed semi-diurnal barometric effects from the water-level-altitude data. Frequencies of more than 0.8 cycles per day were filtered from the atmospheric-pressure data to be able to use water-level-altitude and atmospheric-pressure fluctuations with the same frequency range in computations.
The barometric efficiency of individual boreholes was determined by fitting a straight line to a plot of changes in filtered water-level altitude as a function of concurrent changes in filtered atmospheric pressure during the period of record. Barometricefficiency values for the C-holes were determined for a situation in which the C-holes do not contain packers, and the entire uncased section of each borehole, therefore, communicates hydraulically with the atmosphere. Barometric efficiency was determined using a 5 5-day water-level record from borehole UE-25 c#l, a 33-day water-level record from borehole UE 25 c#3, and concurrent atmosphericpressure readings from weather station WX 3 (3.3 mi northwest of the C-holes).
